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N* states - A(1232) and others -
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v" The Delta (1232) resonance stands as a clear peak.

v" The region s'2=1.4 — 2 GeV hosts ~ 20 resonances.
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states and PDG *s

Particle Lgjogystatus Nm Ny AK YK Ar Np Ny
N(939) Pp; #sxx

N(1440) P #kxx *hkk K KKk K *okk
N(1520) D3 #xxx *hkK KKk KRR KRR KRRk
N(1535) S11 #x#x FkkK KRR * *k Kk
N(1650) 811 #%xx KRk % k% k% KRR KK KR
N(1675) D5 ##xx *kkk K * KKKX K KKK
N(1680) Fi5  ##x*x *kkK K Kkkk  kkkk kKR
N(1700) Dqz  #*x Kk % *k k% ok *k
N(I710) Ppp #xx *kE Kk Kk *k % Kk
N(1720) Pi3  #kxx FERE K *% * K% kK
N(1900) P13 =x *x *

N(1990) Fi7  *x % % " " "
A(1232) Pg3  xxxx *kkk I KKKK
A(1600) Ps3  #xx *k%k 0 e *%
A(1620) Sz wwxx *xkk T RERE  RRRK KK
A(1700) D3z sk kokkk b * KKk Kk kkx
A(1750) Pg; = * i

A(1900) S31  *x *ok d * * % %
A(1905) Fy5 sk Kk * ¥k k% Kk
A(1910) Py sk kK e * * * *
A(1920) Pg3  **x *hk n ¥ *% *
A(lg?)[]) D35 *kk *kk * k3%
A(1940) D33 * * F

A(1950) Fay s *KkX O * KKER K Kokokk
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Particle Loy.ostatus

N7

N* states and PDG *s

~ .
All of these studies essentially agree on the existence and
4  (most) properties of the 4-star states. For the 3-star and lower

N(939) Pjy  xxkx states, however, even a statement of existence is problematic.
N(1440) Ppp sk *RRE K
N(1520) Dy s sonwn sk —— Arndt, Briscoe, Strakovsky, Workman PRC 74 045205 (2006)
N(1535) S11 #xxx Frkk
N(1650) S11  #xxx Fxkk
N(1675) Dig  #kxx *xkk
N(1680) Fiz  #*xx Fkkk
N(1700) Dqz  #*x *kok * * 7-c
N(I710) Ppp #x *kE kKT kk ok *k % Kk L
N(1720) Pi3  skxx *kkk % *k % * *k k% 2' 2J
N(1900) P13 =*x *% L) *
N({1990) Fi7  *x Kk %" x * *
A(1232) Pyz xxxx *kkx [ *K kK
| A(1600) Ps3  #xx *okk o? *kk  * *k | L L
A(1620) Sz wwxx *kkk T N e S N *
A(1700)  D=za sk Kokokok b * KKk Kk Kk%
A(1750) Pgp * * L]
A(1900) S3p  *= *k = * * X%k %
AEIQ[]E)% Far sk Kk * ¥k k% Kk N N
A(1910) Pgp  xxxx okokok e * * * * . .
A(1920) Pg3  **x *hk . n ¥ *% * |SOSpIn — I, Spln — J
A(1930) D3zg %% *kk 4 * *% . -
Aglgzm% Dyg x T Pa“ty - (_)L+1
A(1950) Fay s *kkX O * KRKE K Kok kK
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N* states and PDG *s

—

All of these studies essentially agree on the existence and

Partide Lyrosstatus Nz Np 4 (most) properties of the 4-star states. For the 3-star and lower
N(939) Pjy  xxkx states, however, even a statement of existence is problematic.
N(1440) Ppp sk *RRE K
N(1520) Dig seboes sk soxx —— Arndt, Briscoe, Strakovsky, Workman PRC 74 045205 (2006)
N(1535) S11 #x#x FRKE  KHKK
N(1650) S11  #*xx *kEK ¥ —
N(1675) Dig  #kxx KAk K *
N(1680) Fiz  #*xx KKK K
N(1700) Dqz  #*x I * /
N(TI0) Pry  #x  #xx +67 xx % %% % e Most of the N*s were extracted from
N(1720) Pi3  skxx EERE K Xk * KX xk
N(1900) P13 =x *x L) *
N(1990) Fi7  *x X% %" % * * ﬂ’N — 7TN . ’)/N — 7TN
A(1232j Paa  wkxx *xkx I KKKK
| A(1600) Ps3  #xx *kk o? KKk * *% |
A(1620) Sz wwxx *kkx T BREK KRIK KK
A(1700)  Daz  skxx *kxx b * *kk Kk kK
A(1750) Pgp * * L]
A90) Sy ax e "d % x ow Need combined analysis of
A(1905) Fy5 sk koo * I N s
A(1910) Py sk kK e * * * *
A(920) Py wex  wer nox o . nN,nN,nnN, KY, wN, ... channels!
A(1930) Dgg s Kok ? * *%
A(1940) D33 * * F
A(1950) Fay s *kkX O * KRKE K Kok kK
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Excited Baryon Analysis Center (EBAC)
of Jefferson Lab

Founded in January 2006 http://ebac-theory.jlab.org/

Reaction Data
nN — =nN, 1N, nnN, KY, wN...
y®ON S =N, N, nrN, KY, oN...

Objectives and goals:

Through the comprehensive analysis
of world data of =N, YN, N(e,e’) reactions,

Dynamical Coupled-Channels Analysis @ EBAC
v" Determine N* spectrum
(masses, widths)

N* properties
' - \ v Extract N* form factors

Hadron Models] Lattice QCD

v Provide information about reaction

\ / mechanism necessary to interpret
@ the N* properties

Thomas Jefferson National Accelerator Facili
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Basic reaction model

N* spectrum, structure, ... %
e .. LN\
Reaction mechanism

Dynamical coupled-channels model of meson production reactions

Meson production data

A. Matsuyama, T. Sato, T.-S.H. Lee Phys. Rep. 439 (2007) 193

v Maintain coupled-channels unitarity of #N, nN, nnN, KA, KX, wN...

Singular!
I
v" Can treat 3-body nnN cut AL D it
O
\ / A "—N}K /

) Thomas Jefferson National Accelerator Facili :
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Dynamical coupled-channels model @ EBAC

For details see Matsuyama, Sato, Lee, Phys. Rep. 439,193 (2007)

v Partial wave (LSJ) amplitude of a 2> b reaction:

L LSJ °° LSJ LSJ
T\ D b ppi E) = VD (panpp)+ f 7*dqVy D (pa, 9Gela; EXT'S Vg, py; E)
b ’ = O ,

coupled-channels effect
v" Reaction channels:

a,b,c = ()/(*)N, 7N, T]N,ETZ'A, oN, pN,i KA, KX, wN)

v Potential:

.*.
Ly JINe
Vab = Vab T Z

’ e E — My
exchange potential
of ground state ‘ bare N* state I
mesons and baryons
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Dynamical coupled-channels model @ EBAC

/ 7. 1k, i) + N(p) = p(k', j) + N(p'):
V=V + V] + V] +V]+ V]

For details see Matsuyama, Sato, Lee, Phys. Rep. 439,193 (2007)

with
= i‘nNN
Va =i =g Ty Sn(p + ks
= frNN
V; =i——gpNNKysT SN(p — Kk )} PR
My
: .
-7 _ JanN (@ =Kk) €475
Vi = ——8pnn€ijiT 5 > :
Mp q- —mg
=7 JanN 7
Vi == - QIINN¢,} VSEFIIT 5,  eem—
T
goNNE pro€kPicY .
=7 SoNN&Eonp . Eafiyc 5 Ko, § 5
Ve = 0ij 2 |:J'( + i — @Y ):| A
me, " IH('U dmpn
where

. T_ x Kp
|:¢p’ e dmy ok —F ¢f}r):|
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..!effe:20n Lab o @ @JSA



Dynamical coupled-channels model @ EBAC

For details see Matsuyama, Sato, Lee, Phys. Rep. 439,193 (2007)

v Partial wave (LSJ) amplitude of a 2> b reaction:

L LSJ °° LSJ LSJ
T\ D b ppi E) = VD (panpp)+ f 7*dqVy D (pa, 9Gela; EXT'S Vg, py; E)
b ’ = O ,

coupled-channels effect

p—

2 (2+L)

AN* 4(LS)
AN* a(LS) + P?

r () = 1 1 [p
N ,a(LS) p - (271_)3/2 ,—mN My

L
] CN*,a

v Potential:

.*.
1% y + Z Fve gl Ve
a,b = a,b
e E — My-
exchange potential
of ground state ‘ bare N* state I
mesons and baryons
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Strategy for the N* study @ EBAC

— Stage 1 l

Construct a reaction model through the comprehensive analysis
of meson production reactions

1 Stage 2 l

Extract resonance information from the constructed reaction model

> N* pole positions; N* - yN, MB transition form factors
» Confirm/reject N* with low-star status; Search for new N*

/-| Stage 3 l

Make a connection to hadron structure calculations; Explore the
structure of the N* states.

> CQM, DSE, Large Nc, Soliton models,...
> Connection to the Lattice QCD data

' Thomas Jefferson National Accelerator Facili :
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Current status of the EBAC-DCC analysis
‘ Hadronic part I

vaN->nN : fitted to the data up to W =2 GeV.
Julia-Diaz, Lee, Matsuyama, Sato, PRC76 065201 (2007)
vaN->nnN :cross sections calculated with the N model; fit is ongoing.
Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC79 025206 (2009)
vaN->nN . fitted to the data up to W = 2 GeV

Durand, Julia-Diaz, Lee, Saghai, Sato, PRC78 025204 (2008)
‘ Electromagnetic part I

vV v N> nN . fitted to the data up to W = 1.6 GeV (and up to Q2 = 1.5 GeV?)
(photoproduction) Julia-Diaz, Lee, Matsuyama, Sato, Smith, PRC77 045205 (2008)
(electroproduction) Julia-Diaz, Kamano, Lee, Matsuyama, Sato, Suzuki, PRC80 025207 (2009)

v vy N> N :cross sections calculated with the yN & N model; fit is ongoing.
Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC80 065203 (2009)

v y®»N->nN . in progress

v vy N2> KA . In progress (Sandorfi, Hoblit, Kamano, Lee, arXiv:0912.3505)

Thomas Jefferson National Accelerator Facility
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Pion-nucleon elastic scattering

Julia-Diaz, Lee, Matsuyama, Sato, PRC76 065201 (2007)

MB = =©N, nN, nxN (3 A, oN, pN) coupled channels are considered.

‘ Angular distribution I ‘ Target polarization I

Tp— TP Tp— TP Tp— TP Tp— TP
d=g T T T 1 4 T T ] L P B o UL A
35 W=1235 MeV— 1' W=1440 MeV - - W=1230 MeV . - W=1640 MeV .
3 o )
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o |
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10 - -
5 .. _— y .h,_— e .
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Pion-nucleon elastic scattering

Julia-Diaz, Lee, Matsuyama, Sato, PRC76 065201 (2007)

= nN, N, N (3 A, oN, pN) coupled channels are considered.

80 ‘ . \ . 250

“ 200

B 2 150
._1407 ]
= =
2 =

o | o 100

20—
: 50
f _ — O A AN
4 T p—>n p+nan |
0 : \ ! \ \ ! | ; | ]
1200 1400 1600 1800 2000 0 1200 1400 1600 1800 2000
W (MeV) W (MeV)
' Thomas Jefferson National Accelerator Facili -JSA
.geffegon Lab o @ @



pi N - pi pi N reaction

Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC79 025206 (2009)

‘ Parameters used in the calculation are from N - =N analysis. |
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Single pion photoproduction

Julia-Diaz, Lee, Matsuyama, Sato, Smith, PRC77 045205 (2008)

v Fitted up to W =1.6 GeV.

bare - -
v" Only r)/N—)N* is varied.

O Comparison to data
— Total cross section

40— 1 1 1 1] 300 o
0
300 — ‘H Yp =>TDp ]
5 200
= 200 - _
100
100 - _
N I T e it M GRS
1100 1200 1300 1400 1500 1600 1100 1200 1300 1400 1500 1600
W (MeV) W (MeV)
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Single pion photoproduction

Julia-Diaz, Lee, Matsuyama, Sato, Smith, PRC77 045205 (2008)

v Fitted up to W =1.6 GeV. 0 n
Yp — Tp Yp — T n
v bare - -
Only r)/N—)N* is varied. 20 | | 40 |
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Single pion photoproduction

Julia-Diaz, Lee, Matsuyama, Sato, Smith, PRC77 045205 (2008)

v Fitted up to W =1.6 GeV.

+
Yp —> TN
v bare - -
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Double pion photoproduction

Kamano, Julia-Diaz, Lee, Matsuyama, Sato, PRC80 065203 (2009)

‘ Parameters used in the calculation are from N - nN & yN - =N analyses. |
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Plan for EBAC-DCC analysis in 2010

‘ EBAC second generation model |

Full combined analysis (global fit) of:

~ End of > N =2 =nN

2010
» nN 2> nN
» YN - nN
» YN 2> nN
» YN 2> KY

2010 ~

2011 » 7N 2 nnN

» YN =2 nnN

.!effégon Lab

(W < 2 GeV)
(W < 2 GeV)
(W < 1.6 GeV > 2 GeV)
(W < 2 GeV)
(W < 2 GeV)

New N* states
may be found !!

(W< 2 GeV)
(W<1.5GeV > 2 GeV)
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dynamical origins
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How can we extract N* information?

PROPER definition of
v N* mass and width = Pole position of the amplitudes

v" N* > MB, yN decay vertices = Residue of the pole

N*>b
decay vertex

[(Eo, pa)T (Eo, pp)

(palT(E)lpp)|,_, Eq + (regular terms)

N* pole position
(Im(Eg) <0)

Thomas Jefferson National Accelerator Facili :
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How can we extract N* information?

PROPER definition of

v N* mass and width = Pole position of the amplitudes

v" N* > MB, yN decay vertices = Residue of the pole

-

Need analytic continuation of the amplitudes !!

- Suzuki, Sato, Lee, PRC79 025205 (2009); arXiv:0910.1742

Thomas Jefferson National Accelerator Facility
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Multi-layered structure of the scattering amplitudes

e.g.) single-channel meson-baryon scattering

T(p,p';E) = V(p,p')+ f ¢*dqV(p,9)G(q; E)T(q, p’; E)

Scattering amplitude is
a double-valued function of E !!

A . A .
physical sheet unphysical sheet

E + ic (“physical world”)
m m
- . ~ o )WW
g [0 AN aaay S I

Eq, B
(branch point) (branch point)
> >
Re (E) Re (E)

' Thomas Jefferson National Accelerator Facili :
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Multi-layered structure of the scattering amplitudes

e.g.) single-channel meson-baryon scattering

T(p,p';E) = V(p,p')+ f ¢*dqV(p,9)G(q; E)T(q, p’; E)

Scattering amplitude is
a double-valued function of E !!

A . A .
physical sheet unphysical sheet

E + ic (“physical world”)
m m
- . ~ o )WW
g [0 AN aaay S I

Eq, B
(branch point) (branch point)
> >
Re (E) Re (E)
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Multi-layered structure of the scattering amplitudes

e.g.) single-channel meson-baryon scattering

T(p,p';E) = V(p,p')+ f ¢*dqV(p,9)G(q; E)T(q, p’; E)

Scattering amplitude is
a double-valued function of E !!

A . A .
physical sheet unphysical sheet

E + ic (“physical world”)
m m
- . ~ o )WW
g [0 AN aaay S I

Eq, B
(branch point) (branch point)
> >
Re (E) Re (E)
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Multi-layered structure of the scattering amplitudes

e.g.) single-channel meson-baryon scattering

T(p,p';E) = V(p,p')+ f ¢*dqV(p,9)G(q; E)T(q, p’; E)

Scattering amplitude is
a double-valued function of E !!

A . A i
physical sheet unphysical sheet

E + ic (“physical world”)
m m
— ~ o )WW
£ 0 Ay £ AMMHIINMITHHN.asy

Eq, B
(branch point) (branch poin
> >
Re (E) Re (E)
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Multi-layered structure of the scattering amplitudes

e.g.) single-channel meson-baryon scattering

T(p,p';E) = V(p,p')+ f ¢*dqV(p,9)G(q; E)T(q, p’; E)

Scattering amplitude is
a double-valued function of E !!

unphysical sheet

phygical sheet

E + ic (“physical world”)

Im (E)

0 )WW
0 TUHHHH TTHTUMMY MITTHH T aasy
Eq, B
(branch poi (branch poin

> >
Re (E) Re (E)

Thomas Jefferson National Accelerator Facility
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Multi-layer structure of the scattering amplitudes

e.g.) single-channel meson-baryon scattering
2-channel case (4 sheets):
/
Vip,p') + f q

T(p,p";E) = (channel 1, channel 2) =
(Ps P), (u, p) ,(p, u), (u, u)

Scattering amplitude is
a double-valued function of E !! p = physical sheet

u = unphysical sheet

N-channels - Need 2" Riemann sheets

(branch poi (branch poin

> >
Re (E) Re (E)

unphysical sheet

G000
AR

Im (E)

Thomas Jefferson National Accelerator Facili
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How to choose Riemann sheet of

complex E-plane
Suzuki, Sato, Lee, PRC79 025205 (2009); arXiv:0910.1742

T(p,p;E) = V(p,p')+ fc ¢*dqV(p,q)Gyp(q; EYT(q, ' E)

1
 E-En(g) - Ep(g) + i€

E = 2 2, E — 2 2
‘ForreaIEI u(@) = \Jmi+ > Ep(@) = mg+q

Meson-Baryon Green function Gyp(q,E)

A
Solution of
q \ E—-Ey(q)— Ep(g) +ie=0

m)

~ %

e |0 xmm\mi
Etn

>
Re (E)

' Thomas Jefferson National Accelerator Facili :
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How to choose Riemann sheet of

complex E-plane
Suzuki, Sato, Lee, PRC79 025205 (2009); arXiv:0910.1742

T(p,p;E) = V(p,p')+ fc ¢*dqV(p,q)Gyp(q; EYT(q, ' E)

1
 E-En(g) - Ep(g) + i€

E = 2 2, E — 2 2
‘ForreaIEI u(@) = \Jmi+ > Ep(@) = mg+q

Meson-Baryon Green function Gyp(q,E)

Solution of physical sheet

q \ E—-Ey(q)— Ep(g) +ie=0
E

N MANANNERENY
Eth

Re (E)
‘!e ffégon Lab Thomas Jefferson National Accelerator Facility @ @_jSA



How to choose Riemann sheet of

complex E-plane
Suzuki, Sato, Lee, PRC79 025205 (2009); arXiv:0910.1742

T(p,p';E) = Wnﬂ%ﬂL¢WW@ﬂMMM%Bﬂ@ﬂiD

1
 E-En(g) - Ep(g) + i€

Em(@) = miy+ % Ep(@)= \mh+q?
‘ForcomplexE(ImE<0)| ML= NI 47 BB = NPT

Meson-Baryon Green function Gyp(q,E)

A

m

~ %

|0 xmm\mi
Etn

QOH X
>
Re (E)
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How to choose Riemann sheet of

complex E-plane
Suzuki, Sato, Lee, PRC79 025205 (2009); arXiv:0910.1742

T(p,p;E) = V(p,p')+ fc ¢*dqV(p,q)Gyp(q; EYT(q, ' E)

1
E—-Ep(q) — Ep(q) + i€

Em(@) = miy+ % Ep(@)= \mh+q?
‘ForcomplexE(ImE<0)| ML= NI 47 BB = NPT

Meson-Baryon Green function Gyp(gq,E) =

4 unphysical sheet
4]
m
~ 7
g |0 0 SRR
E
E
qon X N x
> >
Re (E)
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How to choose Riemann sheet of

complex E-plane
Suzuki, Sato, Lee, PRC79 025205 (2009); arXiv:0910.1742

T(p,p';E) = Wnﬂ%ﬂL¢WWWAWMM%Bﬂ@ﬂiD

1
 E-En(g) - Ep(g) + i€

Em(@) = miy+ % Ep(@)= \mh+q?
‘ForcomplexE(ImE<0)| M= Ny 4 EED = N T

Meson-Baryon Green function Gyp(q,E)

4 physical sheet
4]
m
~ %
(0 e«
> Eth
)
qon X N x
>
Re (E)
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Momentum-integral path to avoid singularities

Suzuki, Sato, Lee, arXiv:0910.1742

In addition, momentum-integral path must be taken
not to cross any other singularities.

Discontinuity in A, pN, cN Green
functions (coming from nnN cut)

Momentum plane

100 e\ N e e S S r 100 NG

~
\

I‘_ — il e
- Singularity from
; t-ch. exch. pot.’s.

400 b IS

D | : ; S

» » » » » » » » » _500 » » » » » »
0 200 400 600 800 1000 1200 1400 1600 1800 2000 0 200 400 600 800 1000 1200

-500

» » »
1400 1600 1800 2000

=>» Path to look at unphysical sheet => Path to look at physical sheet
of complex energy plane. of complex energy plane.
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N* poles from EBAC-DCC analysis

.!effe;gon Lab

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

L EBAC PDG
212 (MeV) (MeV)
St |l 1540 —191; | (1490 ~ 1530) — ( 45 ~ 125)i
1642 — 41; | (1640 ~ 1670) — ( 75 ~ 90)i
Sap || 1563 — 95; | (1590 ~ 1610) — ( 57 ~ 60)i
Py || 1356 = 76i | (1350 ~ 1380) — ( 80 ~ 110);
1364 — 105i
1820 — 248i | (1670 ~ 1770) — ( 40 ~ 190)i
P13 || Notfound | (1660 ~ 1690)—( 57 ~ 138)i
P3; | Not found (1830 ~ 1880) — (100 ~ 250)i
P33 || 1211—= 50i | (1209 ~ 1211) = ( 49 ~ 51)i
Di3 | 1521— 58i || (1505 ~ 1515) = ( 52 ~ 60)i
Dis | 1654— 77i | (1655~ 1665)—( 62 ~ 75)i
D33 | 1604 —106i || (1620 ~ 1680) — ( 80 ~ 120)i
Fas || 1738 —110i | (1825 ~ 1835) — (132 ~ 150)i
F37 || 1858 —100i | (1870 ~ 1890) — (110 ~ 130)i

Thomas Jefferson National Accelerator Facility
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N* poles from EBAC-DCC analysis

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

.!effégon Lab

L EBAC PD
212J (MeV) (M¢ Two resonance poles
S11 | 1540 191i | (1490 ~ 1530) '™ the Roper resonance
1642— 41i | (1640 ~ 1670)_ 000"
S31 || 1563— 95i | (1590 ~ 1610)—"_
Py || 1356 — 76i | (1350 —( 80 ~ 110)i
1364 — 105i
1820 — 248i | (1670 ~ 1770) — ( 40 ~ 190)i
P13 || Notfound | (1660 ~ 1690) - ( 57 ~ 138)i
P31 | Notfound | (1830 ~ 1880) — (100 ~ 250)i
P33 || 1211— 50i | (1209 ~ 1211)—( 49 ~ 51)i
Dy3 | 1521 - 58i | (1505~ 1515)—( 52 ~ 60)i
Dis | 1654— 77i | (1655~ 1665)—( 62 ~ 75)i
D33 | 1604 —106i | (1620 ~ 1680) — ( 80 ~ 120)
Fzs || 1738 —110i | (1825 ~ 1835) — (132 ~ 150)i
F37 || 1858 —100i | (1870 ~ 1890) — (110 ~ 130);

Thomas Jefferson National Accelerator Facility

@ &



N* poles from EBAC-DCC analysis

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

J,effégon Lab

L EBAC PD
212J (MeV) (M¢ Two resonance poles
S11 | 1540 191i | (1490 ~ 1530) '™ the Roper resonance
1642— 41i | (1640 ~ 1670)_ 000"
S31 | 1563— 95i | (1590 ~ 1610)—"_ z
Py | 1356 - 76i | (1350 ~( 80 ~ 11QY
1364 — 105i &
1820 —248i | (1670 ~ |
P13 Not found (1660 ~ | Analysis P11 polles (MeV) |
Pyi | Notfound | (1830~ | Guijaons) 13s9-s2i 1388837
P33 || 1211 - 50i (1209 ~ | Julich (2009) 1387 -74i 1387 —71i
D3 || 1521— 58i | (1505~ 1
Dis | 1654— 77i | (1655~ 1665) —( 62 ~ 75)i
D33 | 1604 —106i || (1620 ~ 1680) — ( 80 ~ 120)i
Fss | 1738 —110i | (1825 ~ 1835) — (132 ~ 150);
F37 | 1858 —100i | (1870 ~ 1890) — (110 ~ 130)i

Thomas Jefferson National Accelerator Facility
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Delta(1232) : The 1st P33 resonance

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

‘ Complex E-plane I
Real energy axis

ﬂl aN physical & zA physical sheet “physical world”
&
& ; > Re (E)
/ 7N unphysical & A physical sheet

A

7
N unphysical & zA unphysical sheet Riemann-sheet for other channels: (nN,pN,oN) = (-, p, -)
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Delta(1232) : The 1st P33 resonance

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

‘ Complex E-plane I
Real energy axis

ﬂl aN physical & zA physical sheet “physical world”
N\
@& w N
$ O > Re (E)
f 7N unphysical & nA physical sheet
A
>< :

7 1211-50i
/ A

7
N unphysical & zA unphysical sheet Riemann-sheet for other channels: (nN,pN,oN) = (-, p, -)
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Delta(1232) : The 1st P33 resonance

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)
1

‘ Complex E- 0.8
0.6
P33 0.4 eal energy axis
. ical & 102 [] physical world”
PO 1200 1600 2000 0 1200 1600 2000

s@ / Z /

fﬂ'ﬁ
> ¢

“ 1211-50i

> Re (E)

7N unphysical & nA physical sheet

A

7
N unphysical & zA unphysical sheet Riemann-sheet for other channels: (nN,pN,oN) = (-, p, -)
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Delta(1232) : The 1st P33 resonance

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)
1
0.8
0.6

‘ Complex E-

0.4 cal energy axis
P33 5 0.2 vhysical world”
Q) po- 1200 1600 2000 0
$\ / TN /
O

. > Re (E)

)

this case, BW mass & width can be

g
><f A a good approximation of the pole position.

pole 1211 , 50

" 1211-50i

v" Small background
v Isolated pole BW 1232 , 118/2=59
/ v Simple aialytic structure >\ /

7N unphy\Of the complex E-plane -/ Riemann-sheet for other channels: (nN,pN,oN) = (-, p, -)
.!e £ gon L Thomas Jefferson National Accelerator Facility @ @jSA




Two-pole structure of the Roper P11(1440)

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

‘ Complex E-plane I
P11 \ . .
7N physical & nA physical sheet

N : > Re (E)
7N unphysical & nA physical sheet
....'..... _______________ O . : .

o - L) _ 5 0
/ " 1364-105i
/ -100
//’ Re (E) (MeV)

Real energy axis
“physical world”

1320 1360 1400

N unphysical & zA unphysical sheet Riemann-sheet for other channels: (nN,pN,oN) = (p,p,p)
J)E £ ' gon L Thomas Jefferson National Accelerator Facility @ ngA



Two-pole structure of the Roper P11(1440)

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

e .
0.6 i | P

0.4 —

nergy axis
cal world”

0.2 Im (T)

i sical & ; ¥ | :
o s ] ik
10 1200 1 600 200 D 1200 1600

/A /L

Pole A cannot generate
a resonance shape on
“physical” real E axis.

, _____________________ T T T
y ! TA \

/ T A : * :
..- N ..‘ L ) 'l

/ 1356-78i ~ > A
- 1364-105i B >< A branch point prevents %

2000

> Re (E)

7N unphysical & nA physical sheet

<
pole B from generating 3 i
a resonance shape on . . .
1A “physical” real E axis. J 1360 1400
7 ' Re (E) (MeV)
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Two-pole structure of the Roper P11(1440)

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

0.4 ) T 1
0.6 i N

‘ Complexi > 3 *
| 0.4 — =1

() —_ _—

P11 — 0.2 Im (T) :

¥ sical & | B |
'{}2 [ - {) , 1] 1

10 1200 1 600 200 L 1200 1600 2000

@// E\N ,/ > Re (E)

nl this case, BW mass & width has NO
A xA| clear relation with the resonance poles:

Two 1356 , 78
poles 1364 , 105

Pole A cannot generate
a resonance shape on
phy5|cal” real E axis.

T A N
1 356 78i

* 1364-105i

/i
N unphysical & zA unphysical sheet

.?.
/ . BW 1440, 300/2 = 150 y

Thomas Jefferson National Accelerator Facili
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Dynamical origin of P11 resonances

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

All three P11 poles below 2 GeV are generated from a same, single bare state!

P11 N* resonances
100 in the EBAC-DCC model . .
Multi-channel reactions can

~ 0 T generate many resonance poles
E {1357, -76) from a single bare state
o ~100 ® (1364.-105) ' Eden, Taylor, Phys. Rev. 133 B1575 (1964)
£
= -200 (1820, -248) 1 e.q)
300 ® Two poles for J* = 3/2* resonance in He®

14'00 16b0 1860 Hale, Brown, Jarmie, PRL59 763 (1987)

Re E (MeV)

' Thomas Jefferson National Accelerator Facili :
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Dynamical origin of P11 resonances

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

Pole trajectory 1 1
‘ of N* propagator \ — xyp:0—1
E-mQ,-o(E) E- mg)\,* — 2 MB*MBO MB(E)

N*
100 l . .
Bare state
nN threshold (E = myp., all xyrp = 0)
0 e O
— nA threshold
> *———
S ® A:1357-76i O —
- -100 PY pN threshold -
LU
: /
200 B:1364-105i
®
C:1820-248i
-300 : ' '
(mN,oN) = (u,p) 1200 1400 1600 1800 2000
for three P11 poles Re E (MeV)
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Dynamical origin of P11 resonances

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

Pole trajectory 1 1
‘ of N* propagator \ — xyp:0—1
E-mQ,-o(E) E- m?\,* — 2 MB*MBO MB(E)

N*

100 /self-energy: . M R
O'(E):ZO'MB(E):Z : / B >—
0 MB MB N N
; A [MB = (nN, nN, nA, oN, pN )]
S ® A:1357-76i O —
- -100 PY pN threshold -
L
5 /
200 B.1364-105i —
®
C:1820-248i
_300 ] I I
(mN,oN) = (u,p) 1200 1400 1600 1800 2000
for three P11 poles Re E (MeV)
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Dynamical origin of P11 resonances

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

Pole trajectory 1 1
‘ of N* propagator \ — xyp:0—1
E-mQ,-o(E) E- mg)\,* — 2 MB*MBO MB(E)

N*
1 OO 1 T T
Bare state
nN threshold (E = my.. all xpp =0)
0 e Z ___________
— nA threshold
> * —-—————————-—- ———— — — A —_——_———————— -
S ® A:1357-76i A S
< 100 *F ® pN threshold -
0
g / (MmN, pN, 1A) = (u, u, u)
200 B.1364-105i
C:1820-248i
-300 ' ' '
(mN,oN) = (u,p) 1200 1400 1600 1800 2000
for three P11 poles Re E (MeV)
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Dynamical origin of P11 resonances

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

Pole trajectory 1 1
‘ of N* propagator \ — xyp:0—1
E-mQ,-o(E) E- m?\,* — 2 MB*MBO MB(E)

N*
100 1 T T
Bare state
nN threshold (E = my.. all xpp =0)
0 e /z ___________
—_ nA threshold _ s
% *-———— sl -
== mm =l @ A:1357-76i /7 &=y
I (nN, pN, ©A) = (p, u, —) I ® 7 7 pN threshold .
g / ~e=" g (mN, pN, nA) = (u, u, u)
_ r-r—-—=—=—==—== [
200 B:1364-105i : XzA =0 :
| XotherMBs : 0 = 1
e e e e e e ) C:1820-248i
_300 ] 1 1
(rN,oN) = (u,p) 1200 1400 1600 1800 2000
for three P11 poles Re E (MeV)
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Dynamical origin of P11 resonances

Suzuki, Julia-Diaz, Kamano, Lee, Matsuyama, Sato, PRL104 042302 (2010)

Pole trajectory 1 1
‘ of N* propagator \ — xyp:0—1
E-mQ,-o(E) E- m?\,* — 2 MB*MBO MB(E)

N*
1 OO 1 T T
Bare state
nN threshold (E = mys, all xyp = 0)
0 e e
7’
threshold P s z
(MmN, pN, A) = (p, u, u) ¢ ————————————- 7o \———————————~— i
—E—T A:1357-76i 7 ey
- -100 P 7 N threshold -
(NN, pN, 74) = (p, u, p) | e
— / R (mN, pN, nA) = (u, u, u)
XotherMBs = 1 ]
C:1820-248i
-300 ' ' '
(tN,oN) =(u,p) 1200 1400 1600 1800 2000
for three P11 poles Re E (MeV)
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Summary

v" Continuous effort for exploring the N* states is being
made at EBAC of Jefferson Lab.

v" Resonance poles have been successfully extracted from
the EBAC-DCC analysis.

v" Dynamical origin of the P11 nucleon resonances:

» The Roper resonance is associated with fwo resonance poles.

» (Two) Roper and N(1710) originate from a same, single bare state.

7

Treatment of multi-reaction channels is
key to understanding the N* spectrum !!

N* = yN transition form factors
have also been extracted.
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